The aim of this study was to reconstruct paleoenvironmental changes of the SW part of the Gulf of Gdańsk. Three subbottom sedimentary cores were analyzed with respect to diatom flora. Post-Littorina Sea assemblages were noticed in the lower parts of the cores, whilst the present-day eutrophication of the gulf was evidenced in their superficial sediments, with high abundance of so-called 'anthropogenic assemblage' taxa. Shifts in the species composition might have been caused by intensified nutrient load, increasing organic matter concentrations and possible silica limitation.
INTRODUCTION
Eutrophication of water bodies as a natural process consists in the increase of nutrient concentrations in aquatic ecosystem, and affects the 1 Corresponding author: gosia@ocean.univ.gda.pl species composition and primary production (Kajak 1979 , Kawecka & Eloranta 1994 , Nixon 1995 , HELCOM 2009 ). Direct beneficiaries of the increasing load of nutrients are autotrophic planktonic organisms, the abundance and the variety of which determine changes within higher trophic levels.
Intensive agriculture, urbanization and industrialization of the catchment area involve nitrogen and phosphorus over-enrichment, whilst damming the rivers significantly reduces the silica load (Conley et al. 1993 , Rönneberg & Bonsdorf 2004 , Humborg et al. 2006 . As a result, shifts can be observed within phytoplankton and microphytobenthos. Diatoms dominating in marine ecosystems of the temperate zone start to give up their ecological niche to green algae or cyanobacteria (Bonsdorff et al. 2002 , Jóźwiak et al. 2008 , MazurMarzec & Pliński 2009 ). Furthermore, indigenous species of diatoms are being displaced with pollution resistant taxa possessing delicate and poorly silicificated valves (Olli et al. 2008) . A decrease in species richness is also noticed (Weckström et al. 2007) .
As an effect of environmental changes caused by human economic activity starting in the 19 th century and the intensive Vistula River inflow since 1980, the trophy of the Gulf of Gdańsk increased. Progressive eutrophication of the gulf was so far evidenced in some of the cores from the study area by the presence of so-called 'anthropogenic assemblages' of diatoms, dominated by pollution resistant taxa, such as Cyclotella choctawhatcheeana Prasad, C. meneghiniana Kützing, Stephanodiscus hantzschii Grunow and Thalassiosira levanderi Van Goor (e.g. Witkowski 1994 , Witkowski & Pempkowiak 1995 , Stachura & Witkowski 1997 , Stachura-Suchoples 1999 , Stachura-Suchoples 2001 , Leśniewska & Witak 2008 , Witak 2010 .
Nevertheless, our knowledge of cultural eutrophication of the Baltic Sea is still incomplete, therefore there is a need for higher resolution research, that would bring an understanding of the process and facilitate better management of the coastal zone.
The aim of this study was to recognize spatial environmental changes connected with the presentday eutrophication of the gulf based on the diatom analysis.
MATERIALS AND METHODS
The subject of this study was the diatom flora preserved in three short sediment cores 25 -61 cm long (Table 1) . Sediments with undisturbed structure were obtained from the SW part of the Gulf of Gdańsk from the water depth of 32 to 56 m b.s.l. (Fig. 1) . The cores were collected with a GOIN gravity corer from r/v Oceanograf 2.
Samples of sediments were taken in 1 -5 cm intervals. In order to prepare a permanent slide from each sample, they were treated according to Battarbee's method (1986) and mounted in Naphrax®, with a high refractive index of 1,72. Siliceous microfossils were identified by means of Nikon ECLIPSE 200 microscope at a magnification of ×1000. Over 500 (300) valves of diatoms (excluding Chaetoceros spp. resting spores) were counted in each sample. Identification of taxa were based on: Hustedt 1927 -1966 , Siemińska 1964 , Krammer & Lange-Bertalot 1986 , 1988 , 1991a , 1991b , Pankow 1990 , Snoeijs 1993 , Snoeijs & Vilbaste 1994 , Witkowski 1994 , Snoeijs & Potapova 1995 , Wiktor et al. 1995 , Håkansson 1996 , Snoeijs & Kasperoviciene 1996 , Snoeijs & Balashova 1998 , Witkowski et al. 2000 , Lange-Bertalot 2001 , Witak 2002 , Lange-Bertalot et al. 2003 , Kusber & Jahn 2003 , Scheffer & Morabito 2003 , Bąk 2004 , Houk & Klee 2004 , Ellegaard et al. 2008 , Genkal et al. 2008 and Pliński & Witkowski 2009 . Habitat, salinity and nutrient concentration requirements, as well as pollution tolerance of identified species were established according to literature, in particular: Denys 1991 , Snoeijs 1993 , Snoeijs & Vilbaste 1994 , Van Dam et al. 1994 , Witkowski 1994 , Snoeijs & Potapova 1995 , Wiktor et al. 1995 , Snoeijs & Kasperoviciene 1996 , Snoeijs & Balashova 1998 , Witkowski et al. 2000 , Rakowska 2001 , Stachura-Suchoples 2001 , BogaczewiczAdamczak & Dziengo 2003 and Pliński & Witkowski 2009 . Subsequently, with respect to their life form, diatoms were divided into benthos and plankton (Round 1981) . On the basis of Kolbe's (1927) halobian system they were grouped into: euhalobous (marine species), mesohalobous (brackish-water), oligohalobous (freshwater) halophilous and indifferent.
Diatom diagrams were constructed including percentage content of the most frequent species, habitat and halobian groups. The analysis of the floristic spectra, the content of the most common and characteristic diatoms and changes in ecological groups' composition enabled to distinguish diatom assemblage zones (DAZ). 
RESULTS
Diatoms in all cores were generally well preserved, abundant and represented by many taxa. A total of 264 species, varieties and forms were identified. Among them, benthic oligohalobous indifferent and mesohalobous taxa predominated ( Table 2 ). The most varied floristic spectra were observed in core R12 (204 species/54 genera) and the least ones -in core R13 (153 species/48 genera). Two diatom assemblage zones were identified in each core .
Strong correlation has been observed between R11-I, R12-I and R13-I DAZ. Diatom communities of these sections were dominated by benthic taxa, with the abundance usually exceeding 80% of the total. Nevertheless, an increase in the percentage content of planktonic forms was recorded in the upper part of each zone. Among halobian groups, oligohalobous indifferent was the most numerous in the lowest part of cores R12 and R13. Towards the top, the content of freshwater taxa gradually decreases. Freshwater flora of all Post-Littorina Sea assemblages is represented by Amphora inariensis Similar floristic spectra have been observed in R11-II, R12-II and R13-II DAZ. A distinct increase in the frequency of planktonic diatoms was observed in these zones (up to 60%). However, in the upper part of all the cores, this group become less abundant (c.a. 30% of the total). The most prominent salinity groups were euhalobous and mesohalobous. Marine diatoms were represented principally by Opephora krumbeinii, Pauliella taeniata, Skeletonema marinoi and Thalassiosira levanderi. O. krumbeinii was recorded most often in core R11, where its percentage content exceeded 25%. Noteworthy is the fact, that the frequency of this species decreases in the lower part of all the cores, whilst it rises in the uppermost parts. P. taeniata comprises up to c.a. 6 -7% of the total abundance, with less frequent observation in samples from the upper parts of the studied cores. The highest average content of S. marinoi was recorded in R11-II DAZ. This species was very numerous also in the top of core R12. In core R13 it was encountered sporadically. T. levanderi was a dominant species among euhalobous in cores R12 and R13, where its frequency exceeded 30% of all valves. Although significant, its percentage content in core R11 was much lower. An accompanying species, Fragilariopsis cylindrus (Grunow) Krieger (Plate II: 18 -19), was observed rarely. The only pick in its abundance was Table 2 Number of diatom taxa from habitat and salinity groups in the cores. Table 4 Characteristic features of diatom assemblage zones in core R12. 
R12 -I 48 -14
Catenula adhaerens -Opephora guenter-grassii -Cocconeis neothumensis DAZ 
Table 5
Characteristic features of diatom assemblage zones in core R13.
DAZ Depth
[cm] Characteristics set of taxa
R13 -II

-0
Thalassiosira levanderi -Cyclotella choctawhatcheeana -Thalassiosira proschkinae DAZ Increase in frequency of planktonic forms. Mesohalobous (Cyclotella choctawhatcheeana, Opephora guenter-grassii, Thalassiosira proschkinae) and euhalobous ( Opephora krumbeinii, Pauliella taeniata, Thalassiosira levanderi) species noted most often. Oligohalobous halophilous represented by Cyclotella atomus and C. meneghiniana.
Fig. 2.
Diatom record of core R11. 
DISCUSSION
The lowermost parts of the studied cores correspond to the last stage of the Baltic Sea development, the brackish-water Post-Littorina Sea, which started ca. 4 ka BP (Ūsaitytė 2000) . Diatom flora preserved in these sediments was represented mainly by benthic species, preferring clean and medium polluted waters. The oligosaprobic group was dominated by oligotraphentic Cocconeis neothumensis. Catenula adhaerens (eutraphentic), Opephora guenter-grassii (oligotraphentic/ dystraphentic) and Planothidium delicatulum (eutraphentic) were the most numerous among β-mesosaprobic species. Among the most tolerant taxa, belonging to α-mesosaprobic diatoms, Amphora inariensis (eutraphentic), A. pediculus (eutraphentic/mesotraphentic) were observed most often. These species were noted as abundant in the previous studies on the Post-Littorina flora of the Gulf of Gdańsk (Witkowski 1994 The so-called 'anthropogenic assemblages' of diatoms were identified in the upper parts of cores R11, R12 and R13. The thickness of the zones varied from 14 cm in R12 and R13 to 23 cm in R11, which is comparable with the previous diatom analysis of bottom sediments of the study area (Witkowski 1994 , Witkowski & Pempkowiak 1995 , Stachura-Suchoples 1999 , Leśniewska & Witak 2008 , Witak 2010 ). Thickness differences between R11-II, R-12-II and R13-II DAZ may be explained by different sedimentation rates within the gulf. As calculated by Pempkowiak (1992) and Szczepańska & Uścinowicz (1994) , mud sedimentation rates in the Gulf of Gdańsk vary from 2.04 mm year -1 in the Gdańsk Deep to 0.24 mm year -1 in the vicinity of the core R11 location.
The genus Cyclotella was represented by C. atomus, C. choctawhatcheeana and C. meneghiniana, hitherto encountered in the Baltic Sea waters (Hallförs 2004) and recent sediments. The small-celled cosmopolitan C. choctawhatcheeana is an eutraphentic, α-mesosaprobic taxon (Stachura-Suchoples 2001 , Bąk 2004 , occurring also in oligotrophic conditions (Burić et al. 2007) . It was confirmed to be one of the most tolerant diatom species in the study area (Witkowski 1994; Stachura & Witkowski 1997; Stachura-Suchoples 1999 ). Its percentage content in the studied material is raising in the upcore direction to almost 40% in core R13 and then decrease to ca. 5 -20% in superficial sediments. It was frequent in diatom assemblages preserved in the superficial sediments of the Gulf of Gdańsk (Witkowski 1994 , Witkowski & Pempkowiak 1995 , Stachura & Witkowski 1997 , Stachura-Suchoples 1999 , Witak 2000 , Leśniewska & Witak 2008 , Witak 2010 . It was encountered also in sediment samples from the Gotland Basin (Andrén et al. 2000a) , the Bornholm Basin , the Arkona Basin, Oder Rinne and Greisswalder Bodden , the Szczecin Lagoon (Bąk et al. 2001 (Bąk et al. , 2006 , the Archipelago Sea (Tuovinen et al. 2009 ), the Gulf of Finland (Weckström et al. 2004 , Olli et al. 2008 , the Gulf of Riga, the Kattegat (Olli et al. 2008 ) and the Roskilde Fjord sediments in Denmark (Clarke et al. 2003 (Clarke et al. , 2006 . In the studied cores, C. atomus was quite abundant and its percentage content usually reached 3 -5%. It is known as a eutraphentic taxon tolerating α-mesosaprobic environment (van Dam et al. 1994 , Stachura-Suchoples 2001 . In the study area it was observed by Witkowski (1994) , Witkowski & Pempkowiak (1995) , Stachura & Witkowski (1997) , Stachura (1999) , Witak (2000) , , Leśniewska & Witak (2008) and Witak (2010) . This species was recorded also in the Gulf of Finland (Weckström et al. 2004 , Clarke et al. 2006 ) and the Gulf of Riga (Olli et al. 2008 ) and the Szczecin Lagoon (Bąk et al. 2001) . Another species representing the same genus is C. meneghiniana. It prefers eutrophic and hypereutrophic conditions and tolerates medium polluted waters (van Dam et al. 1994 , Stachura-Suchoples 2001 . C. meneghiniana occurred rarely in the analyzed cores. Recorded commonly in sediments surrounding the Vistula River Mouth (Witkowski 1994 , Witkowski & Pempkowiak 1995 , Stachura & Witkowski 1997 , Stachura-Suchoples 1999 , this halophilous taxon proved to be an indicator of the influence by riverine waters (Leśniewska & Witak 2008) . This diatom was also observed in samples from the Szczecin Lagoon (Andrén 1999 , Bąk et al. 2001 , Bąk 2004 , the Gulf of Finland (Weckström et al. 2004 , Clarke et al. 2006 and the Roskilde Fjord (Clarke et al. 2003 (Clarke et al. , 2006 .
Pauliella taeniata occurs in oligotrophic and oligosaprobic environments (Stachura-Suchoples 1999 . It was recorded quite commonly in the lower parts of the anthropogenic assemblages, whilst rarely or sparsely in the upper parts. This cold-water species was common in the Gulf of Gdańsk (Witkowski & Pempkowiak 1995 , StachuraSuchoples 1999 , Hallförs 2004 , Leśniewska & Witak 2008 , Witak 2010 ) and other basins of the Baltic Sea (Andrén et al. , 2000a Olli et al. 2008; Tuovinen et al. 2009 ).
Ecological preferences as nutrient concentration and organic matter tolerance of Skeletonema marinoi are still unknown. However, this cosmopolitan species was frequent in the Gulf of Gdańsk (ca. Skeletonema costatum, Leśniewska & Witak 2008) , the Kattegat and the Bothnian Sea (Olli et al. 2008) .
Stephanodiscus hantzschii tolerates even hypereutrophic and polisaprobic waters (Krammer & Lange-Bertalot 1991 , van Dam et al. 1994 , being the most tolerant to pollution among all the species of anthropogenic assemblages of the Gulf of Gdańsk, strictly connected with the influence of the Vistula's waters (Witkowski 1994 , Witkowski & Pempkowiak 1995 , Stachura & Witkowski 1997 , Stachura Suchoples 1999 , Lesniewska & Witak 2008 . It was observed in the sub-bottom sediments of the Szczecin Lagoon by Andrén (1999) , Bąk et al. (2001) and Bąk (2004) , as well as commonly recorded in the Baltic Sea (Hällfors 2004) and worldwide (Sabater 1990 , Hakansson & Bailey-Watts 1993 , Stoermer et al. 1996 , Marshall et al. 2006 , Nemes et al. 2008 .
Among many species representing the genus Thalassiosira, T. baltica, T. levanderi and T. proschkinae were the most frequent. T. levanderi was classified as a eutraphentic/mesotraphentic species tolerating β-mesosaprobic waters (Denys 1991 , StachuraSuchoples 2001 , Bąk 2004 . It is one of the main components of the anthropogenic assemblages in the studied material, mentioned also by Witkowski (1994) , Witkowski & Pempkowiak (1995) , Stachura & Witkowski (1997) , Stachura-Suchoples (1999 , Witak (2000) , , Leśniewska & Witak (2008) . Previously it was counted in samples from the Gotland Basin (Andrén et al. 2000a) , the Bornholm Basin, the Arkona Basin, Oder Rinne , the Szczecin Lagoon (Bąk et al. 2001) , the Archipelago Sea (Tuovinen et al. 2009 ), the Bothnian Sea, the Gulf of Finland and the Gulf of Riga (Olli et al. 2008) . T. baltica is a mesotraphentic β-mesosaprobic species known for its euryhalinity tolerance (Edlund et al. 1999 , Stachura-Suchoples 2001 , Bogaczewicz-Adamczak & Dziengo 2003 , Bąk 2004 . Its percentage content in the studied cores did not exceed 3%. It was observed in the Gulf of Gdańsk (Stachura-Suchoples 1999) , the Gotland Basin (Grönlund 1993 , Andrén et al. 2000a , the Bornholm Basin (Andrén et al. 2000b) , the Gulf of Finland (Weckström et al. 2004) , the Gulf of Riga, the Bothnian Sea, (Olli et al. 2008) , Oder Rinne ) and the Szczecin Lagoon (Andren 1999, Bąk et al. 2001 , Bąk 2004 ). It was reported as an invasive species in the Great Lakes, USA (Edlund et al. 1999) . Thalassiosira proschkinae is a brackish-water oligotraphentic β-mesosaprobic taxon (Muylaert & Sabbe 1996 , Stachura-Suchoples 2001 , Bąk 2004 , commonly observed in the studied material. It was encountered in the Gulf of Gdańsk (Witkowski 1994; Witkowski & Pempkowiak 1995; Stachura & Witkowski 1997; Stachura-Suchoples 1999 , the Kiel Bight (Witkowski et al. 2005) , the Szczecin Lagoon (Bąk et al. 2001) , the Archipelago Sea (Tuovinen et al. 2008) , the Gulf of Finland (Weckström et al. 2004 , Olli et al. 2008 ) and the Bothnian Sea (Olli et al. 2008) .
Two small-size benthic species from the genus Opephora were observed in the studied material: O. guenter-grassii and O. krumbeinii. The abundance of both taxa decreases in the lower parts of assemblages and increases in the upper parts. O. guenter-grassii is an oligotraphentic/dystraphentic taxon tolerating β-mesosaprobic conditions (Stachura-Suchoples 1999 , Bogaczewicz-Adamczak & Dziengo 2003 . It was previously recorded as an abundant one in subbottom sediments of the Gulf of Gdańsk (StachuraSuchoples 1999 , Leśniewska & Witak 2008 . Trophic and saprobic preferences of the epipsammic diatom Opephora krumbeinii are unknown. It was observed in the gulf's sediments ) and on the Swedish coast of the Baltic Sea proper (Ulanova & Snoeijs 2006) . Some of the mentioned taxa, as Cyclotella choctawhatcheeana, C. meneghiniana, Stephanodiscus hantzschii and Thalassiosira levanderi, were previously recognized as main components of the assemblage, developed as a result of the contemporary eutrophication of the Gulf of Gdańsk started in the 19 th century (Witkowski 1994; Witkowski & Pempkowiak 1995; Stachura & Witkowski 1997; Stachura-Suchoples 1999 Witak 2000; Leśniewska & Witak 2008) . Most of the species constituting the diatom community connected with contemporary eutrophication prefer hyper-and eutrophic, α-and β-mesosaprobic conditions and indicate II and III class in water purity classification. Moreover, S. hantzschii was recognized as a pollution resistant taxon (Witkowski 1994 , Stachura-Suchoples 2001 . However, trophic and saprobic status of many brackish and marine diatoms, such as O. krumbeinii, P. taeniata and S. marinoi, is to be investigated.
There were many species of small sizes among the most commonly observed in the anthropogenic assemblages (e.g. C. atomus, C. choctawhatcheeana, O. krumbeinii, T. proschkinae) . Planktonic taxa of fragile frustules and low fossilization potential were also very abundant. Among them, Chaetoceros spp., Pauliella taeniata, Skeletonema marinoi were observed frequently and their percentage content sometimes exceeded 30%. Predominance of small planktonic forms over microphytobenthos may be connected with algal blooms reducing the light condition in a water column and diminishing the euphotic zone (Witkowski & Pempkowiak 1995 , Andrén et al. 2000a . Furthermore, small sizes and delicate structures of diatom valves seem to be dependent on the biogeochemical silica cycle in the Baltic Sea, still not completely recognized (Olli et al. 2008) .
CONCLUSIONS
Relatively high content of planktonic, euhalobous and mesohalobous taxa representing eutraphentic, α-and β-mesosaprobic groups was observed within anthropogenic assemblages of the analyzed sediments. High frequency of pollution resistant species proves the increase of trophy and saprobity of the Gulf of Gdańsk. It seems that tolerance to pollution determines the floristic spectra of the anthropogenic assemblage more than other ecological preferences, such as a life form or salinity. Nevertheless, the increased content of small, planktonic diatoms may be connected with silica limitation and intensified algal blooms diminishing the euphotic zone. Differences between floristic spectra and percentage content of particular species were dependant on the water depth, influence of the Vistula's polluted waters and Baltic open waters. Further research is concentrating on the reconstruction of temporal environmental changes involving 210 Pb dating of the studied material.
